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Adjoin /a'join/ verb: differentiate the output of a simulation to its
inputs by tracing backwards through the calculations.
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Rallabhandi, Nielsen, Diskin 2012 (FUN3D)
Derivative of the loudness of a supersonic airplane
with respect to its shape
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Simplified model:

velocity x vs. Time for Node 26123
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double lorenz(r)

{

double b = 8./3., s = 10.;
double T = 100., dt = 0.01;
double x = 1., y = 1., z = 1., zMean
for (double t = 0; t < T; t += dt) {

}

double dx = s * (y - Xx);
double dy = x * (r - z) - y;
double dz = x *y - b * z;

X += dt * dx;

y += dt * dy;

z += dt * dz;

ZMean +=dt * z / T;

return zMean;

d(zMean)/dr=-1.83E+23
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Lorenz system: solutions are sensitive small perturbations




Smooth Response from Chaotic High-Fidelity Simulations

A time-al\lloeraged objective function in a chaotic simulation (T=5)
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Smooth Response from Chaotic High-Fidelity Simulations

A time-a\lll%raged objective function in a chaotic simulation (T=15)
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Smooth Response from Chaotic High-Fidelity Simulations

A time-a\lll%raged objective function in a chaotic simulation (T=50)

105
100+
951
90 |

85} ° o

Objective function
°
°

30 | ® 9 ™

75

70 -

65 ] ] ] ] ] ] ]
27 28 29 30 31 32 33 34 35
Design parameter




Smooth Response from Chaotic High-Fidelity Simulations

A time-avgoraged objective function in a chaotic simulation (T=500)
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Smooth Response from Chaotic High-Fidelity Simulations

A time-av?lr;)aged objective function in a chaotic simulation (T=5000)
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Smooth Response from Chaotic High-Fidelity Simulations

A time- al\lloeraged objectlve functlon in a chaotlc simulation (T=5)
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rajectories with similar parameters diverge
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“Shadowing” Trajectories with similar parameters
and carefully adjusted initial conditions do not
diverge
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Least Squares Shadowing:
Replace the initial condition with least squares
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Oseledets theorem



Benettin’s algorithm






Ginelli’s algorithm
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Non-intrusive Least Squares Shadowing
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Adjoint Least Squares Shadowing






Sensitivity Analysis of Chaotic Simulations
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Adjoint-based sensitivity analysis wqu':if, mathematically and
practically, on chaotic simulations:

it
Chaotic adjoint currently being implemented and tested on a
state-of-the-art CFD solver (FUN3D)




